Cell death in a resting population of an asporogenous Bacillus megaterium was accelerated by ambient concentrations of 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) equal to or greater than 10 ,ug/ml or 5 ,ug/mg of cells (dry weight), but only after prolonged exposure. Conversely, populations of growing cells were not markedly influenced even at 100 gg/ml. Effects on cell respiration were not manifest until the ambient concentration reached 1,000 ,ug of 2,4,5-T/ml, or 500 pg/mg. Cells of B. megaterium did, however, accumulate 2,4,5-T passively to a level approximately twofold above the ambient concentration. Most of the accumulated compound was easily washed from the cells but, of the firmly bound herbicide, about 0.5 ,ug/mg of cells (dry weight), nearly 60% by weight, was localized in the protoplast membrane. The foregoing results, obtained with a purified preparation of 2,4,5-T were also elicited by 2,4,5-T analytical standards. The extracted contaminants did not produce the results alone nor did they influence the results when present in combination with 2,4,5-T.
The known toxicity and widespread use of the herbicide 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) make it a potential hazard for soil microorganisms. Growth of Bacillus thuringiensis is inhibited by 2,4,5-T (3) and perfusion of 2,4,5-T solutions through soil samples reduces the activity of soil microorganisms (7) .
We report here experiments indicating that the herbicide is also toxic for B. megaterium. Because other organochlorine biocides lodge in membranes (5, 11) and because 2,4,5-T is amphipathic, the target site for 2,4,5-T action might be the bacterial membrane. We found that most of the cell-bound herbicide could be removed from the cells, but the residual, firmly bound 2,4,5-T was located in the membrane.
MATERIALS AND METHODS
Growth conditions. Cells of B. megaterium, asporogenous strain KM, were grown in a 2% peptone medium and harvested as described previously (5) . In experiments involving 2,4,5-T exposure, the medium was made 0.01 M in potassium phosphate buffer by the addition of appropriately diluted stock herbicide preparations. Final herbicide concentrations in the media were 0, 1, 10, 50, or 100 pLg per ml.
Media were inoculated with about 108 cells taken from the late exponential phase of growth. The cultures were incubated at 30 C with aeration by means of shaking. Growth was monitored both by ' following changes in optical density at 700 nm and by microscopy.
Stock 2,4,5-T preparation and extraction of contaminants. A preparation of 2,4,5-T (K and K Laboratories, Plainview, N.Y.) was cleaned by recrystallization three times from benzene, washing with nhexane in a separatory funnel, and using the methods of Woolson et al. (13) to remove possible chlorodibenzo-p-dioxin (CDD) contaminants. The resulting solution was dried under nitrogen to provide a pesticide-free extract of contaminants for determination of interference or synergistic effects.
Stock solutions of 2,4,5-T (1 mg/ml) were made by dissolving K2HPO4 (6.80 g) and NaOH (0.02 g) in about 900 ml of distilled water to which solution 2,4,5-T (1 g) was added. After agitation for approximately 3 h, or until all the 2,4,5-T was dissolved, KH2PO4 (8.71 g) and distilled water (to 1 liter) were added to yield 1 Analysis of 2,4,5-T retention by membranes. Cells were treated as described above but membranes were isolated from cells exposed to 2,4,5-T prior to extraction of the herbicide. Cells were washed twice with buffer (10,400 x g; 10 min) and resuspended in buffer. Lysozyme (mucopeptide-Nacetylmuramylhydrolase; EC 3.2.1.17) was added at 0.5 ,ug per mg of cells (dry weight), and the mixture was allowed to incubate for 2 h at 30 C. Five milligrams of deoxyribonucleate oligonucleotidohydrolase (EC 3.1.4.5) was then added to reduce the viscosity of the mixture. The preparation was centrifuged once at low speed (3,300 x g; 6 min) to remove debris and most poly-,8-hydroxybutyrate granules. The membranes were sedimented (19,000 x g; 30 min) and washed once with buffer and twice with distilled water; one half was assayed for herbicide content and the other half was used for a dry weight determination. The latter was necessary because membrane yield tended to decrease in older cells.
Determination of sorptive capacity of cells for 2,4,5-T. The basic methods of Scherrer and Gerhardt (9) , the so-called space or thick-suspension technique, were followed except that equilibration periods ranged from 0.5 to 10 h. In addition, the amounts of pesticide in the cell pellets as well as those in the supernatant solutions were determined. Therefore, known wet weights of previously washed cells were exposed to 10 ,ug of 2,4,5-T per ml (initial concentration), and at selected intervals the cells were sedimented by centrifugation. The pesticide contents of both the cell pellets and the supernatants were determined by gas chromatography. Little or no herbicide adsorbed to the walls of the centrifuge tube and temperatureinduced precipitation did not occur.
Calculation of amounts of 2,4,5-T taken up by cells. The interstitial space (the aqueous volume between the packed B. megaterium cells in the pellet) is 21.6% of the pellet volume (9) . The void volume within the cell pellet, which includes the space within the peptidoglycan cell wall and the interstitial space, is between 43.4% (pellet space infiltrated by stachyose) and 50.5% (pellet space infiltrated by sucrose); neither sucrose nor stachyose penetrate the protoplast membrane in significant levels (2) . These data are in general agreement with those of Marquis (8) , who reported that about 36% of the total cell volume of a nonplasmolyzed cell consisted of "sucrose space" of the cell wall. The sucrose space calculated from the data of Scherrer and Gerhardt (9) is 28.9%o. The 36% wall space value and the 21.6% interstitial space value were used in our calculations to minimize the possibility of overestimating the magnitude of 2,4,5-T sorption. The ambient pesticide concentration in the supernatant after equilibration was considered to approximate the concentration of pesticide in the void volume. This quantity was subtracted from the total pesticide found in the entire cell pellet; the remaining pesticide in the pellet was associated with the membrane, cytoplasm, or cell wall materials, exclusive of peptidoglycan void space.
Extraction and analysis of 2,4,5-T. Samples containing herbicide were suspended in 10 ml of distilled water, acidified to pH 2.0 with 2 N HCl, and extracted three times with several volumes of diethyl ether in a separatory funnel. Samples containing cells or membranes frequently formed emulsions that would not break spontaneously. When this occurred, about 1 g of anhydrous Na2SO4 (previously washed with diethyl ether) was added to the emulsion and the mixture was allowed to stand for 24 h. This procedure resulted in good separation of the ether and water phases. The spent Na2SO4 was then extracted three times with diethyl ether and all ethereal extracts were pooled and appropriately reduced in volume by evaporation at room temperature under N2. The Na2SO4 did not affect the extraction efficiency or introduce measurable contaminants.
The herbicide extracted from each sample was esterified by dropwise addition of diethyl ether solution of diazomethane. Diazomethane was freshly prepared from Diazold (Aldrich Chemical Co., Inc., Milwaukee, Wisc.) by distilling an ethereal Diazold solution in the presence of 95% ethanol and KOH. Analytical standards of 2,4,5-T and standards made from our cleaned preparation were esterified as above. Actual quantitative analysis of the 2,4,5-T ester was made by use of a Beckman GC-4 gas chromatograph equipped with an electron capture detector and a glass column (1.8 m by 0.3 cm inner diameter) containing 10% DC 200 on Gas Chrom Q, 60/80 mesh. Helium was the carrier gas with a flow rate of 25 ml/min. The inlet temperature was 220 C and the column temperature was 180 C.
RESULTS
Purity of herbicide and effects of contaminants. The cleaned herbicide preparation produced no extraneous peaks when analyzed by electron capture gas chromatography. However, several relatively small unidentified peaks were detected in the analysis for CDD contaminants in the uncleaned preparation. The contaminants extracted from the uncleaned preparation did not affect the growth rate, the survival of resting cells, cell respiration, or cause fluctuation in uptake values when used alone (1 or 10 ,ug/ml) or in combination with the cleaned preparation. The ratios of purified 2,4,5-T to contaminants which were tested included 10:1, 50:50, and 100:1 by weight, at 2,4,5-T levels of 10 or 100 ,ug/ml. These APPL. MICROBIOL.
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ratios provided contaminants at much higher levels than were present in the uncleaned preparation, as the contaminants recovered represented only about 0.01% by weight.
Furthermore, when respiration or survival of resting cells was determined, 2,4,5-T analytical standards of high but unknown purity yielded results identical to those produced by the cleaned preparation. No evidence of 2,4,5-T degradation or co-metabolism was found during the course of the reported experiments. Therefore, effects reported here are attributable solely to 2,4,5-T rather than to degradation products or contaminants.
Action of 2,4,5-T on resting cells. Exposure of cells, aerated in phosphate buffer, to various concentrations of 2,4,5-T revealed that levels as low as 10 ,ug/ml (5 ,g/mg of cells, dry weight) did accelerate death in the population (Fig. 1) . However, the acceleration was only slight at 10 ,ug/ml but became greater when the 2,4,5-T concentration was raised to 50 or 100 ug/ml. Moreover, significant increases (P -0.1% by Student's t test) in death rate occurred only after about 24 h of exposure.
Action of 2,4,5-T on growing cells. Although exposure to 10 jig/mg was at least marginally lethal to resting cells and higher concentrations did accelerate death, growing cells were not affected by exposure to concentrations of 50 ,ug/ml or less (data from six experiments not shown). At 100 ug/ml, the inhibition was expressed as a slight increase in the length of the lag period and a reduced total cell yield. The exponential growth rate was not markedly affected by the presence of 100 Mg of 2,4,5-T per ml. Effect of 2,4,5-T on cell respiration. The rates of endogenous or exogenous (glucose) metabolism were not significantly different among cells exposed to up to 500 ug of 2,4,5-T per ml (250 ug/mg of cells, dry weight) and unexposed cells (Fig. 2) . The rate of endogenous metabolism was markedly reduced in cells exposed to 1,000 ug/ml and the rate at which glucose was oxidized was somewhat less than that exhibited by unexposed cells.
Uptake characteristics. The 2,4,5-T found in the cell pellet under static conditions, exclusive of the interstitial space and the peptidoglycan, was about twofold higher than the theoretical ambient concentration that would have existed in cells freely permeable to the herbicide (Table  1) theoretical ambient concentration of about 1 ,ug/100 mg of cells (dry weight), the amount retained by membranes, about 0.3 ,ug, was greater than the theoretical ambient level of 0.065 ,ug/mg of membranes (dry weight). The amount of herbicide bound to membranes of exposed cells represented about 60% of the total sequestered pesticide. DISCUSSION Low concentrations of 2,4,5-T, freed of contaminating CDDs and chlorodibenzofurans, accelerated death in a population of resting cells. Similar concentrations did not kill cells in growing cultures. There are two probable reasons for the disparity. First, the important (14) ratio between pesticide concentration and biomass was continually reduced in the growing culture. Second, proteins in the growth medium may have bound 2,4,5-T (4), making it unavailable to the cells. The cause of death in the treated resting cell population remains uncertain. In contrast to results obtained with Tetrahymena pyriformis and other eukaryotic systems (10), we obtained no evidence that 2,4,5-T inhibits or uncouples oxidative phosphorylation except at concentrations much greater than the lethal dose. Even then inhibition was restricted to endogenous metabolism.
Organochlorine compounds are often highly concentrated by soil microorganisms (1, 5, 6), leading to biological magnification within food chains. But the quantities of 2,4,5-T taken up by the cells were much lower than those reported for other organochlorine compounds. The residual content of 2,4,5-T in the cells might have gone unnoticed if the assays had not been performed on membranes isolated from exposed cells. Thus, this herbicide does not appear to partition into biological systems to the extent necessary for biological magnification. Accumulation of chlorinated pesticides in biological material may facilitate the persistence of these compounds (1, 6) , but because of the trace amounts of 2,4,5-T found in exposed cells, this does not seem to be a major mechanism of 2,4,5-T persistence.
